ABSTRACT
INTRODUCTION
Fetal cardiac function can be assessed using various echocardiographic methods, including M-mode, B-mode, color flow mapping, pulsed-wave Doppler, speckle tracking techniques and myocardial performance index (MPI, Tei index) [1] [2] [3] [4] [5] [6] [7] . Recent studies have reported the utility of tissue Doppler imaging (TDI) for fetal echocardiography, which enables assessment of the myocardial motion [8] [9] [10] . Nonetheless, assessment of fetal cardiac function focusing on diastolic function remains a challenge. The ratio of mitral peak early diastolic filling velocity to early diastolic mitral annular velocity (E/e ) is one of the recommended echocardiographic parameters for assessment of diastolic function in adults [11] [12] [13] ; however, data concerning the reference values for fetal E/e are limited 14, 15 . Dual-gate Doppler (DD) is a technology that enables assessment of two Doppler waveforms simultaneously at any two separate locations. Using the DD method, it is possible to measure E/e in the same heart beat, showing both the blood flow and TDI waveform in real time 16, 17 . However, there is no report regarding use of DD for measurement of fetal E/e . Therefore, the purpose of this study was to assess the utility of the DD method for measurement of fetal E/e and construct reference ranges for normal fetuses.
METHODS

Study population
This prospective study included normal singleton pregnancies that underwent fetal echocardiographic examination between 16 and 36 weeks of gestation from November 2015 to January 2017 at our institution. Exclusion criteria included multiple pregnancy, fetal structural or chromosomal abnormality, and light-or heavy-for-dates infants at birth. In all pregnancies, gestational age (GA) was corrected by crown-rump length measured in the first trimester. All study participants provided informed consent, and the study protocol was approved by the institutional ethics committee (no. 27-198). The study was registered retrospectively with the Japanese Clinical Trials Registry 'UMIN-CTR' on 23 March 2017 (http://www.umin.ac.jp/ctr/index-j.htm; trial ID no. UMIN000026656).
Echocardiography
All echocardiographic examinations were performed using an ARIETTA 60 or 70 (Hitachi Ltd, Tokyo, Japan) ultrasound machine with a C35 2-8-MHz convex transducer. Each fetus was assessed only once in the study period. With the aim of calculating fetal E/e in the same cardiac cycle, DD technology was used for all measurements. Apical or basal four-chamber view was demonstrated. One region of interest (ROI) for pulsed-wave Doppler imaging was placed just below the atrioventricular (AV) valve leaflets, while another ROI for TDI was placed in the basal part of the ventricular free wall ( Figure 1 ). Both ROI sample volumes were adjusted to 3 mm. The angle of insonation was kept at < 30
• to the orientation of AV outflow or the ventricular wall without angle correction. First, Doppler waveforms of both AV outflow and valve annular movement were obtained in real time using the DD method. Then, each E-wave velocity on pulsed-wave Doppler imaging and e -wave on TDI were measured in the same heart beat. E/e was calculated on both left and right sides. Velocity measurements of E-wave and e -wave and E/e calculations in the same cardiac cycle were performed in three sets of consecutive waveforms, and the mean values were used for statistical analysis. All measurements were performed when the fetal heart rate was stable, without fetal movement, including breathing movement. E/e measurements using the conventional Doppler method, in which E-and e -wave velocities were measured separately using single-gate Doppler, were performed in 20 randomly selected subjects, in order to examine the relationship with E/e measured using the DD method.
Statistical analysis
Normality of the distribution of data was determined using the Shapiro-Wilk test. Because none of the variables was normally distributed, medians and non-parametric tests were used for analysis. Spearman's correlation coefficient was used to assess the relationship between GA and E-wave velocity, e -wave velocity and E/e , and then separate linear, cubic and quadratic regression models were fitted. The best-fitting model was selected for each variable. Analysis of covariance (ANCOVA) was performed to estimate the relationship between the linear regression lines. P < 0.05 was considered statistically significant.
To evaluate reproducibility, intra-and interobserver variability for each E/e measurement obtained with the DD method were assessed using intraclass correlation Figure 1 Simultaneous measurement of fetal mitral peak early diastolic filling (E) and early diastolic mitral annular (e ) wave velocities using dual-gate Doppler. Upper waveform obtained using pulsed-wave Doppler imaging and lower waveform using tissue Doppler imaging. coefficients (ICC) with 95% CIs. Intraobserver ICC was calculated by one-way classification; for this, 20 subjects were selected randomly, and measurements of E/e were performed twice by one operator (M.T.). Interobserver ICC was calculated by two-way random model; 10 subjects were selected randomly and measurements were performed twice by two operators (M.T. and M.N.). Bland-Altman analysis was used to compare the DD method vs the conventional method for measurement of E/e 18 . Statistical analysis was performed using SPSS Statistics version 20.0 (IBM Corp., Armonk, NY, USA). 
RESULTS
One hundred and thirty-three singleton pregnancies were included in the study, and fetal E/e measurements were successful in all cases. Clinical characteristics and outcome of all pregnancies are presented in Table 1 . No sex-based differences were observed. A significant increase with GA was observed for each E-(r s = 0.492, P < 0.001, R 2 = 0.244) and e -(r s = 0.805, P < 0.001, R 2 = 0.577) wave velocity in the left ventricle (Figure 2) . Similarly, E-and e -wave velocities in the right ventricle showed a significant increase with GA (E: r s = 0.505, P < 0.001, R 2 = 0.236; e : r s = 0.742, P < 0.001 R 2 = 0.498) (Figure 2 ). The linear regression lines of each E-and e -wave velocity were not parallel, indicating that e -wave velocity showed a more progressive increase than did E-wave velocity, with statistical significance on both left and right sides (P < 0.001).
Left ventricular (LV) E/e demonstrated a progressive decrease with GA (r s = -0.666, P < 0.001), as did right ventricular (RV) E/e (r s = -0.607, P < 0.001) (Figure 2) . The regression equations for each E/e were as follows: LV-E/e = 17.341 − 0.631GA + 0.008GA 
DISCUSSION
This is the first report on fetal E/e ratio measured in the same cardiac cycle using the DD method, showing reference values for normal fetuses. Furthermore, this study provides data on both LV-and RV-E/e from 16 weeks of gestation. Considering it is useful and easy to obtain, fetal E/e measured by the DD method should be taken into consideration as an indicator of fetal diastolic function.
In this study, both left and right E/e showed significant negative correlation with GA, which is consistent with previous reports 14, 15 . The progressive decline in E/e with GA is considered to be associated with the higher rate of increment of e -wave velocity along with GA compared with that of E-wave velocity. Physiologically high E/e was noted in earlier gestation in this study. Elevated E/e has been associated with high pulmonary capillary wedge pressure, reflecting diastolic dysfunction in adults 19, 20 . However, we considered that this higher E/e in the prenatal period might reflect myocardial immaturity. The decline in E/e with advancing gestation seems to imply an increase in cardiac compliance owing to fetal myocardial functional maturity with biometrical growth. In other words, we speculate that the serial change in fetal E/e in this study is evidence of the evolution of cardiac diastolic function in the prenatal period.
In this study we introduced the DD method. This method enables assessment of different Doppler waveforms from any two sampling locations simultaneously. In the present study, E-wave on pulsed-wave Doppler imaging and e -wave on TDI were displayed at the same time, and E/e was calculated in the same heart beat. Bland-Altman plots showed no systematic bias between DD and the conventional Doppler method, in which E/e is calculated in a different cardiac cycle using single-gate Doppler. We consider that the E/e ratio assessed in the same cardiac cycle reflects a more precise and ideal value, as simultaneous recording in one cardiac cycle can avoid variation among cardiac cycles. Moreover, measurement of fetal E/e using the DD method has no technical complications. Indeed, all E/e measurements were successful in this study and reproducibility was high. Therefore, E/e measurement using the DD method seems to be a useful and convenient indicator of diastolic function.
A limitation of this study is that our analyses were based on a small number of observations. In addition, from a clinical perspective, E/e should be assessed in fetuses with diastolic dysfunction, such as the recipient twin of twin-to-twin transfusion syndrome, and those with fetal growth restriction and other fetal cardiac failure. Thus, further large studies are required to establish the clinical importance of E/e as an indicator of fetal diastolic function.
In conclusion, measurement of E/e using the DD method, which enables assessment of E-and e -wave velocities in the same cardiac cycle, seems to be a useful method. Bilateral E/e , measured using the DD method, in normal fetuses, decreased with GA, reflecting the evolution of cardiac diastolic function in the prenatal period.
